Acetylcholinesterase (AChE) hydrolyzes the neurotransmitter acetylcholine in neurons. However, AChE has been proposed to also have nonneuronal functions in different cell types. Here, we report that AChE is expressed in melanocytes and melanoma cells, and that the tetrameric (G4) form is the major AChE isoform in these cells. During melanogenesis of B16F10 murine melanoma cells, AChE levels decreased markedly. The differentiation of melanoma cells led to (i) an increase in melanin and tyrosinase, (ii) a change in intracellular cAMP levels, and (iii) a decrease in microphthalmia-associated transcription factor (MITF). We hypothesized that the regulation of AChE during melanogenesis is mediated by two transcription factors: cAMPresponse element-binding protein (CREB) and MITF. In melanoma cells, exogenous cAMP suppressed AChE expression and the promoter activity of the ACHE gene. This suppression was mediated by a cAMP-response element (CRE) located on the ACHE promoter, as mutation of CRE relieved the suppression. In melanoma, MITF overexpression induced ACHE transcription, and mutation of an E-box site in human ACHE promoter blocked this induction. An AChE inhibitor greatly enhanced acetylcholine-mediated responses of melanogenic gene expression levels in vitro; however, this enhancement was not observed in the presence of agonists of the muscarinic acetylcholine receptor. These results indicate that ACHE transcription is regulated by cAMP-dependent signaling during melanogenesis of B16F10 cells, and the effect of this enzyme on melanin production suggests that it has a potential role in skin pigmentation.
splicing generates three known variants of AChE transcripts: read-through (AChE R ), hydrophobic (AChE H ), and tailed (AChE T ) (12) . Through posttranslational modifications, AChE R forms soluble monomers (G1), which are involved in response to psychological stress (13) . AChE H is anchored via phosphatidylinositol to erythrocyte membranes as dimers (G2) (14, 15) . AChE T is the most abundant form of AChE in brain and muscle. AChE T and collagen Q (ColQ) form an asymmetric enzyme at neuromuscular junctions (16) ; its association with proline-rich membrane anchor (PRiMA) forms the globular tetramer (G4) in brain and muscle (17) (18) (19) .
The nonneuronal functions of AChE in various tissues have been proposed by different groups (20, 21) . AChE is expressed in bone tissue, osteoblast, and osteoblast-like cell lines. The expression of AChE is by Wnt/␤-catenin signaling pathway during osteoblastic differentiation, suggesting its function in bone formation (21) . The presence of AChE in epidermis was shown in patients suffering from vitiligo (22) , implying the possible functional roles of AChE in skin pigmentation (23) (24) (25) . In this study, we found that AChE T was the major variant constituting G4 AChE in melanocytes and melanoma; the activity and expression levels of AChE decreased during the melanogenesis progress; and ACh, the agonist of AChR, inhibited melanin production.
Results

Expression of AChE during melanogenesis
The expression of AChE in B16F10 cells, Melan-A cells, human epidermal melanocytes (HEM), and rat dermal fibroblasts (RDF) was recognized by using anti-AChE antibody in immunostaining ( Fig. 1A) . AChE activities were measured in these cultures. In sucrose density gradient analysis, G4 was the major form of AChE being found in all tested cell types (Fig. 1B) . The G1/G2 forms were at relatively low level. Immunofluorescence staining of mouse skin showed that AChE was highly expressed in melanocytes (indicated by TYR as marker) (Fig.  1C ). The G1/G2 and G4 forms of AChE showed similar levels of activity in skin, which could be because of the presence of various cell types in skin, e.g. keratinocytes. The localization of AChE in plasma membrane of cultured B16F10 cells was shown (Fig. S1A ). The mRNA encoding AChE R , AChE H , and AChE T were quantified by qPCR. Both B16F10 and Melan-A cells con- Mouse skin melanoma (B16F10), mouse skin melanocytes (Melan-A), primary culture HEMs, and primary culture RDF were cultured. A, cells were fixed with 4% PFA for 15 min and then stained with anti-AChE antibody with 0.1% Triton X-100, followed with the Alexa Fluor 488 conjugated antibody. Nucleus were stained with DAPI. B, cell lysates (200 l) were collected to analyze AChE molecular forms by sucrose density gradient analysis. AChE activity was plotted as a function of the sedimentation (S) value, estimated from the position of the sedimentation markers. Enzymatic activities are expressed in arbitrary units of which 1 is equal to 0.80, 0.56, 0.53, and 0.21 milliunit/milligram, in Melan-A, HEM, B16F10, and RDF, respectively, and a representative result was shown, n ϭ 4. C, the 10-m section of mice dorsal skin (2 weeks old) was fixed with 4% PFA and embedded in OCT medium for section followed by incubated with anti-AChE antibody, KRT antibody, and anti-TYR antibody at 4°C overnight (left). The skin lysate was subjected to the sucrose density gradient analysis (right) and enzymatic activities are expressed in arbitrary units of which 1 is equal to 0.93 milliunit/milligram. D, total RNA was extracted from B16F10 and Melan-A cell lines for absolute quantitative PCR analysis to determine AChE splicing variants. The absolute amount of each AChE splicing variant per 50 ng of total RNA was calculated according to the method of quantification with qPCR coupled with standard curves. Data are expressed as number of copy. Values are mean Ϯ S.D., n ϭ 4, each with triplicate samples; *, p Ͻ 0.05; **, p Ͻ 0.01.
tained the most copies of AChE T variant, at least 2-fold higher than that of AChE R or AChE H (Fig. 1D ).
B16F10 murine melanoma cell is an in vitro model for the study of melanogenesis. During the melanogenesis, the amount of melanin in B16F10 cells increased; the plateau of melanin production, which was ϳ2.5-fold of increase, was reached at about 4 days after culture ( Fig. 2A ). On the contrary, the enzymatic activity of AChE decreased at least by 50% during this process ( Fig. 2A ). The level of intracellular cAMP, a known regulator for melanogenesis, peaked on day 2 before dropping to the basal level ( Fig. 2A ). According to results from sucrose density gradient analysis, the G4 form was the major AChE form being regulated during melanogenesis (Fig. 2B ). The promoter constructs pAChE-Luc and pCRE-Luc were transfected into cultured B16F10 cells, and the promoter-driven luciferase activities were decreased to a low level after 4 days of culture. The promoter activity of pCRE-Luc peaked on day 2, similar to that of cAMP level (Fig. 2C) . The AChE and MITF mRNA levels decreased by ϳ50% during melanogenesis ( Fig. 2D ). TYR mRNA peaked on day 3 of culture before a decline. The amount of AChE protein (ϳ60 kDa) decreased by ϳ40% during melanogenesis ( Fig. 2E ), correlating to the trends in activity and mRNA levels. The amount of TYR protein (ϳ80 kDa) reached its plateau on day 3 of culture before a decline ( Fig. 2E ). MITF Figure 2 . AChE expression during melanogenesis in B16F10 cells. Cultured B16F10 cultures were harvested on different days, and cell lysates were collected. A, AChE activity, intracellular melanin, and cAMP level were determined. Data are expressed in arbitrary units. For AChE activity, 1 is equal to 0.98 milliunit/milligram; for melanin content, 1 is equal to 0.023 mg/mg; and for cAMP, 1 is equal to 4.83 picomole/milligram. B, AChE molecular forms after sucrose density gradient analysis. Data are expressed in arbitrary units of which 1 is equal to 0.34 milliunit/milligram. C, cultured cells transfected with pAChE-Luc and pCRE-Luc were collected for luciferase assay. Data are normalized and expressed as the percentage of the control (day 1). D, total RNA was extracted from B16F10 cells for quantitative PCR to determine the transcriptional levels of ACHE, TYR, and MITF genes. Data are normalized and expressed as the percentage of the control (day 1). E, cell lysates (40 g) were collected for Western blot analysis. GAPDH was used as loading control. AChE (ϳ60 kDa), TYR (ϳ80 kDa), MITF (ϳ60 kDa), and GAPDH (ϳ37 kDa) are shown. F, cell lysates (40 g) were collected for Western blot analysis. Total CREB (t-CREB) was used as loading control; phosphorylated CREB (p-CREB) (ϳ43 kDa); t-CREB (ϳ43 kDa). G, PKA activity was determined from cultured B16F10 from day 1 to day 5. Data are normalized and expressed as the percentage of the control (day 1). All values are in mean Ϯ S.D., each with triplicate samples, n ϭ 4; *, p Ͻ 0.05; **, p Ͻ 0.01.
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protein (ϳ60 kDa) level was markedly reduced by over 70% (Fig.  2E ). To conclude, the expression of AChE, TYR, and MITF were in synchronization at both transcriptional and translational levels. The protein kinase A (PKA) and CREB phosphorylation also showed the similar tendencies that they reached their highest levels on day 2 before attenuation ( Fig. 2 , F and G). These data suggest that during melanogenesis, the regulation of AChE could be triggered by increased intracellular cAMP. Resembling phenomenon was reported during the formation of myotube (26) .
AChE expression is suppressed by cAMP
The cAMP-dependent signaling is a dominant pathway in regulating melanogenesis (27) . To investigate the role of cAMP in AChE expression, cultured B16F10 cells were treated with Bt 2 -cAMP for 24 h. The Bt 2 -cAMP treatment reduced AChE activity in a dose-dependent manner; AChE activity decreased to around 60% after 1 mM Bt 2 -cAMP treatment (Fig. 3A ). However, melanin amount increased by over 50% in response to the same Bt 2 -cAMP treatment (Fig. 3A ). AChE mRNA production was suppressed after administration of 1 mM Bt 2 -cAMP whereas the mRNAs of TYR and MITF increased drastically in the presence of Bt 2 -cAMP ( Fig. 3B ). The protein levels of AChE, TYR, and MITF were determined in Bt 2 -cAMP-treated B16F10 cells after 12 h of Bt 2 -cAMP administration. TYR expression was transiently induced; AChE was down-regulated by ϳ80%; and MITF protein expression was induced by ϳ8-fold (Fig. 3C ).
The role of cAMP in regulating AChE expression was unfolded by measuring luciferase activities of cultured B16F10 cells transfected with plasmids coding fusion genes pAChE-Luc and pCRE-Luc. The suppression of pAChE-Luc activity in transfected B16F10 cells, induced by Bt 2 -cAMP, was rescued by a PKA inhibitor H89 at 10 M (Fig. 4A ). The suppression was not fully rescued, possibly because of incomplete blockage of PKA activity by H89. CRE site was identified in human ACHE gene (28) . Site-directed mutagenesis was conducted to generate a promoter construct pAChE ⌬CRE -Luc ( Fig. 4B ). B16F10 cells transfected with this mutant showed no observable response to Bt 2 -cAMP ( Fig. 4C ), suggesting an important role of CRE site in AChE regulation during melanogenesis. Similarly, the adenylyl cyclase activator forskolin showed same effects as those of Bt 2 -cAMP in the activities of pCRE-Luc, pAChE-Luc, and pAChE ⌬CRE -Luc, as well as AChE activity (Fig. S1B ). In summary, the expression of AChE was suppressed by cAMP through CRE-binding site in the promoter of ACHE.
MITF promotes AChE expression
MITF is the master transcription factor of melanogenesis and development of melanocyte/melanoma. It acts through binding to E-box motifs consisting of a core hexa-nucleotide sequence CAXXTG (X can be A/T/C/G). E-box is identified in genes encoding TYR and its related protein TRP1 (29) . Because the E-box motif CAGCTG was found between exons 1 and 2 of mammalian ACHE gene (28), we hypothesized that this motif serves as a binding site for MITF. To determine whether ACHE transcription is influenced by MITF, DNA construct encoding MITF was transiently transfected into cultured B16F10 cells to overexpress MITF. The resultant transcriptional expression of AChE and TYR increased by 50% (Fig. 5A ). The protein level of 
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AChE increased by over 70% (Fig. 5A ). The internal control protein GAPDH showed no observable change. The binding of MITF to the ACHE gene was further monitored by ChIP assay. In MITF overexpression group, the DNA enrichment by immunoprecipitation with anti-MITF antibody was more than 4-fold, doubling the DNA enrichment in the control group (vehicle only) ( Fig. 5B ). This result implied that the binding of MITF to E-box motif in ACHE gene is associated to an up-regulation of AChE mRNA and protein. This E-box motif is highly conserved in mammalian species (Fig. 5C ). To further confirm the binding of this E-box to MITF, the E-box of human AChE promoter was mutated in a luciferase plasmid pAChE ⌬E-box -Luc for further transfection in B16F10 cells ( Fig. 5C ). pAChE ⌬E-box -Luc did not show response in luciferase activity to MITF overexpression; whereas an induction was observed in the native pAChE-Luc construct ( Fig. 5D ).
ACh reduces melanin production
During the development of the melanocytes and melanoma cells, ␣-MSH is produced and activates MC1R (G s protein couple receptor) thus increasing adenylyl cyclase activity. ACh functions as a ligand agonist of mAChR and nicotinic acetylcholine receptor (nAChR) (30) . When activated, mAChR M2 and M4 subtypes coupled with G i proteins inhibit adenylyl cyclase activity, leading to a decrease in cAMP level in cells (31) .
To determine the role of ACh in melanogenesis, cultured B16F10 cells were treated with ACh, with or without AChE inhibitor BW284c51 for determination of melanin contents (Fig. 6A ). Melanin production in B16F10 cells was slightly affected by ACh but was significantly reduced when treated with AChE inhibitor (BW284c51). This suggests that the surface AChE of melanocyte cells mediates the proposed AChmelanogenesis signal-transduction pathway. To further confirm the inhibitory effect of ACh on melanogenesis, cultured B16F10 cells were transfected with pCRE-Luc, pTYR-Luc, and pMITF-Luc constructs before treatment of ACh, with or without BW284c51 (Fig. 6A ). Correlating the response with melanin production, the luciferase activities downstream of CRE promoter, TYR promoter, and MITF promoter were significantly down-regulated by ACh, especially when BW284c51 was applied. The Western blotting result also indicated that the protein levels of MITF and TYR were reduced significantly in B16F10 cells, when the cultures were subjected to ACh administration and AChE inhibition (Fig. 6B ). The level of pCRE-Luc activity did not change in either AChE-knockdown or AChEoverexpressing cells. Nonetheless, it was altered when the cells were cotreated with ACh and BW284c51 (Fig. 6C ). In all cases, the applied AChE inhibitor did not fully reduce the expression of aforementioned markers, implying that part of these expressions might not be cholinergic dependent.
The immunostaining of mAChR M2 and M4 subtypes showed in B16F10 cells were positive ( Fig. 7A ). Over 50% AChE was colocalized with M2 and/or M4 mAChRs. To investigate whether M2/M4 mAChRs mediate inhibition on melanin synthesis, muscarine (an mAChR agonist) and oxotremorine sesquifumarate (an M2/M4 mAChR-specific agonist), AF-DX 116 (an M2 mAChR antagonist), and PD 102807 (an M4 mAChR antagonist) were applied in B16F10 cells. Muscarine or oxotremorine sesquifumarate caused down-regulation of pCRE-Luc and pMITF-Luc activities by ϳ30%, but the effect was insensitive to BW284c51 treatment (Fig. 7B ). The oxotremorine sesquifumarate-suppressed pCRE-Luc/pMITF-Luc activities were counteracted by AF-DX 116 and/or PD 102807 ( Fig.  7C ). These results suggest that ACh could mediate melanogenesis through M2/M4 mAChRs.
Discussion
Roles of AChE in cell development of different tissues were extensively studied for years. In muscle myogenesis, the regulation of AChE has been proposed to be mediated by a cAMP/ PKA-dependent signaling (19, 26, 32) . Similarly, in neuronal cells, the expression of AChE is activated by cAMP-signaling 
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cascade (33) . In cAMP-regulated AChE in muscle or in neuron, the transcriptional rate of ACHE gene was regulated by CREB (26) . In erythrocyte, the glycosylation of AChE, as well as its transcript, was regulated during erythrogenesis (14) , and during which GATA-1 was shown to be an activator of ACHE gene transcription (15) . In osteoblastic differentiation, the expression of AChE was induced by Runx2, activated by Wnt/␤catenin signaling pathway, through the binding to ACHE promoter (21) . This study serves to further expand our knowledge of the role of AChE during melanogenesis.
Our study identified AChE as one of the melanogenic markers. Melanogenesis is a mechanism to protect DNA from damage by UV radiation (34) . The majority of melanin is produced by melanocyte, which resides in skin epidermis and hair follicles (11, 35) . Regulation of melanin production is orchestrated by multiple signaling events, among which ␣-MSH-initiated cAMP-dependent signaling pathway is the most critical one (36) . ␣-MSH produced by melanocytes or adjacent keratinocytes binds to MC1R, a G s -protein-coupled receptor, subsequently increasing intracellular cAMP level. The intracellular cAMP activates PKA that catalyzes the phosphorylation of CREB, inducing the MITF transcription. MITF protein binds to E-box in genes for melanin synthesis including TYR, TRP1, and DCT, resulting in increased melanin production. In melanocytes and melanoma cells, the expression of AChE was downregulated during melanogenesis; this regulation was mediated by CREB via cAMP signaling. Intriguingly, E-box is found between exon 1 and exon 2 of mammalian ACHE gene, as well as upstream of TYR gene, and the ACHE transcription was promoted by overexpression of MITF in melanoma cells. Although MITF-mediated AChE expression was in contrast to the role of cAMP, AChE levels decreased during melanogenesis in melanoma cells. This indicates that the suppressive effect from phosphorylated CREB is much stronger than the promotive effect, triggered by MITF. Thus, both CREB and MITF could be considered as AChE regulators during melanogenesis (see summary in Fig. 8 ).
The CREB phosphorylation negatively regulates ACHE transcription, which seems contradictory to up-regulation of ACHE transcription in normal circumstances (19, 33) , but coherent to our previous study of AChE expression during chick myogenesis (32) . When expressed in melanoma cells, the pCRE-Luc construct showed inductive response to cAMP; whereas the pAChE-Luc construct containing CRE site showed suppressive effect. Additionally, the mutation on the CRE site in pAChE-Luc construct considerably blocked the suppressive response to cAMP. Moreover, it was suggested that cAMP also mediates the down-regulation of ACHE transcription via another regulatory element AP-2 in ACHE promoter in C2C12 cells (32) . Alternatively, down-regulation of ACHE transcription in response to increased cAMP level might be caused by posttranscriptional regulation by microRNA (miRNA). It was reported that miR132 and miR212 expression in PC12 cells possibly could lead to degradation of ACHE transcripts (19) . All of above indicates that the effect of CREB binding to CRE site may be loci-and cell-type dependent. In melanoma cells, this canonical positive regulation was altered because of other transcription machineries on ACHE promoter.
The role of cholinergic system in melanin production in skin has been proposed. The staining of AChE by using antibody in skin was negative during depigmentation but was positive in pigmentation of marginal dendritic melanocytes (37) . ACh showed inhibitory effect on dopa oxidase activity, and thus low AChE amount was observed in skin with vitiligo (22) . AChE controls the ACh level directly and suppresses ACh-induced events. In cultured melanoma cells, exogenous applied ACh has little effect on the levels of MITF, TYR, and melanin production when administered alone, but significantly inhibited the expressions when cotreated with BW284c51. This suggested the important role of AChE in cell surface as to control the amount of ACh. By LC-MS analysis, the amount of ACh level in culture medium was measured and was below the detection limit. Thus, the ACh-mediated inhibitory effect in intracellular cAMP should act as a negative feedback control of melanin production. AChE in melanocyte surface plays an indirect role in melanin production. Our preliminary results showed that MITF and TYR genes were down-regulated in skin of ACHE Ϫ/Ϫ mice, implying the important role of AChE in melanogenesis. 4 On the other hand, the AChE inhibitor BW284c51 was reported as a blocker of nAChR in an expression system (38) , and the activation of ␣7 nAChR increased intracellular cAMP levels in hippocampal neurons (39) . The expression of nAChR has not been reported in melanocyte. The effect of this receptor activation, if any, should be minimal.
ACh was released from skin under sunlight, UV-A, and tactile stimulus (40) . The release of ACh increased from 205 Ϯ 58 to 349 Ϯ 122 picomoles when the skin was exposed to sunlight (40) . Keratinocytes, constituting the superficial layers of stratified skin epithelium, were shown to synthesize, degrade, and release ACh to their nearby cells including melanocyte (41) . We therefore propose that ACh is mainly secreted by keratinocytes, and it is acting on mAChRs of melanocytes in proximity as a result to regulate the intracellular cAMP in these melanocytes. The underlying mechanisms behind the release of ACh from keratinocyte in response to sunlight are not fully clarified.
The cholinergic system is a primitive autocrine/paracrine signal transduction system evolved ϳ2 billion years ago, before the emergence of central nervous system in higher eukaryotes (42) . Melanocyte as major cell type in mammalian skin is derived from neural crest cells that later give rise to peripheral and enteric neurons, glia, bone, and cartilages (43) . This cholinergic nature of melanocyte could be similar to that in the peripheral nervous system of vertebrates. Moreover, based on our findings, AChE may be a potential target in regulating the rate of melanogenesis, which therefore could pave a new direction in finding new drug candidates for diseases related to pigmentary disorder.
Experimental procedures
Chemicals Bt 2 -cAMP, H89, and forskolin were purchased from Sigma-Aldrich. AF-DX 116 and PD 102807 were purchased from Tocris Bioscience (Bristol, U.K.). All cell culture reagents were from Thermo Fisher Scientific (Waltham, MA).
Cell cultures
B16F10 cell line was purchased from ATCC (Manassas, VA) and cultured in Dulbecco's modified Eagle's medium (DMEM). Human epidermal melanocytes were purchased from ScienCell Research Laboratories (Carlsbad, CA) and cultured in melanocyte medium (ScienCell). Melan-A cell line was a gift from Prof. Mingfu Wang at the University of Hong Kong. It was cultured in RPMI 1640 medium. RDF was collected from Sprague-Dawley male rats (2 days old) and prepared as described (44) . All culture medium was supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin (10,000 units and 10,000 g/ml, respectively) in a humidified atmosphere with 5% CO 2 at 37°C.
Animals
Animals were obtained for skin cryosection and primary culture preparation from Animal and Plant Care Facility of Hong Kong University of Science and Technology and performed according to the guidelines of Department of Health, The Government of Hong Kong SAR. The experimental procedures were reviewed and approved by Animal Ethics Committee at the University (Reference No.: in DH/SHS/8/2/2 Pt.2). Housing was at a constant temperature (21°C) and humidity (60%), under a fixed 12-h light/dark cycle and free access to food and water.
Measurement of melanin content
The melanin content from cell culture was determined as described previously, with modification (45) . Briefly, B16F10 cells were seeded at a density of 2.0 ϫ 10 5 cells in 6-well plates. After drug treatment, cells were washed with PBS and dissolved in 200 l 1 M NaOH solution at 80°C for 2 h. Then, 100 l aliquots of the lysate containing dissolved melanin were transferred to 96-well plates, and the melanin contents were measured at 405 nm using Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific) and normalized by protein concentration determined by Bradford protein assay (Bio-Rad Laboratories). The amounts of melanin were calculated according to the melanin standard curve (Fig. S2A ). 
Intracellular cAMP assay
B16F10 cells were seeded at 4 ϫ 10 5 cells in 35-mm culture dishes. Collection of intracellular cAMP and determination of cAMP level was done using cAMP Enzyme Immunoassay kit (Sigma-Aldrich). To harvest the cultures, the cells were washed with sterile PBS twice and lysed with 0.1 mM HCl at room temperature. Cells were agitated at 200 rpm for 10 min at room temperature. The lysates were collected and centrifuged. After that 100 l of supernatant was acetylated as the kit protocol instructed. Standards for calibration curves (Fig. S2C) were also freshly prepared and acetylated. The immunoassay assay procedure was performed according to the kit protocol. End point measurement of enzyme activity was adopted.
Protein kinase A activity assay
B16F10 cells were seeded at 4 ϫ 10 5 cells until 80% confluence in 35-mm culture dishes. Extraction and measurement of intracellular PKA was done using PKA Colorimetric Activity Kit (Thermo Fisher Scientific). Cells were washed with sterile PBS twice prior to lysis with protease and phosphatase inhibitor cocktails. Cells were scraped from the confluence layers and subject to agitation at 200 rpm for 40 min at 4°C. The cell lysates were then centrifuged for collection of supernatant, of which 20 l were mixed with 20 l of kinase reaction buffer.
Standards for calibration were freshly prepared, and PKA activity assay was performed according to the protocol provided by the manufacturer (Fig. S2D ).
Real-time quantitative PCR
Total RNA was extracted using RNAzol ® RT reagent (Molecular Research Center, Cincinnati, OH). Briefly, cells were incubated in RNAzol at room temperature. Then, the total RNA was precipitated in 75% ethanol (v/v) by centrifugation at 12,000 ϫ g for 10 min. The RNA pellet was washed by 75% ethanol and dissolved in RNase-free water. The RNA quality was determined according to the ratio (ϳ2.0) of absorbance at 260 nm and 280 nm by NanoDrop TM (Thermo Fisher Scientific). Three g RNA samples were applied for reverse transcription using First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) as the manufacturer's protocol. For absolute quantitative analysis, the sequences of specific primers for AChE R , AChE H , and AChE T are as follows: forward, 5Ј-CAG GGG ACC CCA ATG ACC CTC G-3Ј and reverse, 5Ј-CCC ACT CCA TGC GCC TAC CGG T-3Ј for mouse AChE R ; forward, 5Ј-CCG CGC AGC AAT ATG TGA GCC T-3Ј and reverse, 5Ј-GCA GGT GCA AGG AGC CTC CGT-3Ј for mouse AChE H ; and forward, 5Ј-TAG AGG TGC GGC GGG GAC TG-3Ј and reverse, 5Ј-TGA GCA GCG CTC CTG CTT GC-3Ј for mouse AChE T . The ␣-MSH activates the adenylyl cyclase to induce melanin production through cAMP-dependent pathway in melanocytes. Although MITF slightly increases AChE expression though E-box site in the promoter of ACHE gene, the phosphorylated CREB eventually significantly down-regulates AChE expression through CRE-binding site in the promoter of ACHE gene. Meanwhile, the reduced AChE results in the increasing level of ACh that inhibits the adenylyl cyclase activity to decrease the intracellular cAMP, which alleviates the melanin production. This process is considered a negative feedback control for melanogenesis in melanocytes.
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Amplification was performed for 45 cycles. Each cycle consisted of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 20 s. For relative quantitative PCR, the sequences of specific primers are as follows: forward, 5Ј-CAC CGA TAC TCT GGA CGA GG-3Ј and reverse,  5Ј-TCC TGC TTG CTA TAG TGG TCG-3Ј for mouse AChE;  forward, 5Ј-AGT CGT ATC TGG CCA TGG CTT G-3Ј and reverse, 5Ј-GCA AGC TGT GGT AGT CGT CTT TGT C-3Ј for mouse TYR; forward, 5Ј-AGA AGC TGG AGC ATG CGA ACC-3Ј and reverse, 5Ј-GTT CCT GGC TGC AGT TCT CAA GAA C-3Ј for mouse MITF; and forward, 5Ј-AAG GTC ATC CCA GAG CTG AA-3Ј and reverse, 5Ј-CTG CTT CAC CTT GA-3Ј for mouse GAPDH. Amplification was performed for 45 cycles. Each cycle consisted of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 20 s, performed on Roche LightCycler 480 system (Roche).
Immunofluorescent staining
Cells were grown on glass coverslip for 48 h. After PBS wash, cells were fixed with 4% paraformaldehyde for 15 min. Cells were incubated with or without 0.1% Triton X-100 in PBS for 10 min and then blocked by 5% BSA for 1 h. Cultures were stained with anti-AChE antibody at 1:500 (sc-6432, Santa Cruz Biotechnology, Dallas, TX) for 16 h at 4°C, followed with the Alexa Fluor 488 conjugated anti-goat antibodies (Sigma-Aldrich). Samples were mounted with ProLong™ Gold Antifade Mountant with or without DAPI (Thermo Fisher Scientific). Samples were then examined by a Zeiss Laser Scanning Confocal Microscope. The dorsal skin collected from C57BL/6 male mice (2 weeks old) was fixed with 4% PFA and embedded in OCT medium for section at 10 m, followed by incubation with anti-AChE antibody, anti-cytokeratin (KRT) antibody (ab94894, Abcam), and anti-tyrosinase (TYR) antibody (sc-20035, Santa Cruz Biotechnology) at 4°C overnight then with Alexa Fluor 488 conjugated antibody, Alexa Fluor 555 conjugated antibody, and Alexa Fluor 647 conjugated antibody (ab150117, ab150114, ab150115, Abcam).
DNA constructions and transfection
The promoter constructs of human pAChE-Luc and pPRiMA-Luc were described in Refs. 26 and 46. pBabe-MITF was a gift from Ivana de la Serna (Addgene plasmid no. 64888) (47). The DNA construct of CRE sequences tagged with a luciferase gene (pCRE-Luc) was from BD Biosciences. Transient transfection was performed using jetPRIME ® reagent (Polyplus Transfection, New York, NY). In brief, the mixture of DNA constructs with reagents was added to cell culture and incubated for 4 h in incubator, followed by replacing medium.
Luciferase assay
Luciferase assay was performed using Pierce TM Firefly Luciferase Glow Assay Kit (Thermo Fisher Scientific). Cells were lysed by 100 mM potassium phosphate buffer (pH 7.8), 0.2% Triton X-100, and 1 mM DTT and agitated for 30 min at°C. Afterward, cells were centrifuged at 16,000 ϫ g for 10 min at 4°C. Twenty l of cell lysate were used for assay. The luminescent reaction was quantified in a GloMax ® 96 Microplate Lumi-nometer (Thermo Fisher Scientific), and the activity was expressed as percentage of untreated controls.
Sucrose density gradient analysis
Various AChE forms were separated by sucrose density gradient analysis according to previous method (48) . In brief, continuous 5-20% sucrose gradients in lysis buffer containing 10 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.2% Triton X-100, and 150 mM NaCl was prepared in 12-ml polyallomer ultracentrifugation tubes. Two hundred l (1 g/l) cell lysates mixed with sedimentation markers, including alkaline phosphatase (6.1 s) and ␤-gal (16 s), were loaded onto the gradients followed by centrifugation at 38,000 rpm in SW 41 Ti Rotor (Beckman, Indianapolis, IN) at 4°C for 16 h. Approximately 48 fractions were collected for determination of AChE activity by Ellman assay: 0.1 mM tetraisopropylpyrophosphoramide (iso-OMPA), 625 M acetylthiocholine (ATCh), and 0.5 mM Ellman's Reagent were added to 30 l of each fraction. The mixture was incubated at room temperature for 30 min and AChE activities were measured at 405 nm using Multiskan™ FC Microplate Photometer. AChE forms were determined by summation of the enzymatic activities corresponding to the peaks of sedimentation profile.
SDS-PAGE and Western blot analysis
Cells were lysed in whole cell lysis buffer and shaken for 30 min at 4°C followed by centrifugation at 12,000 ϫ g at 4°C for 10 min. The supernatants were collected and protein concentrations were determined using Bradford protein assay (Bio-Rad). The aliquots normalized to 40 g of protein were applied to 8% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes. The membranes were blocked with 5% skim milk powder in TBS with 0.1% Tween 20 (TBST) for 2 h. After blocking, the membranes were incubated at 4°C overnight with specific primary antibodies including anti-AChE at 1:500 (sc-6432, Santa Cruz Biotechnology), anti-tyrosinase at 1:200 (sc-20035, Santa Cruz Biotechnology), anti-MITF antibody at 1:100 (sc-52938, Santa Cruz Biotechnology), anti-t-CREB antibody at 1:1000 (4820S, Cell Signaling Technology, Danvers, MA), anti-phospho-CREB at 1:1000 (9198S, Cell Signaling Technology), and anti-GAPDH at 1:500,000 (G8795, Sigma-Aldrich), followed by incubation with horseradish peroxidase (HRP) secondary antibodies (Sigma-Aldrich) at 25°C for 1 h. The immune-reactive proteins were detected using enhanced chemiluminescence (ECL) Western blotting detection kit (Thermo Fisher Scientific). The intensities of the bands were quantified using ChemiDoc Imaging System (Bio-Rad). The intensities of protein bands were in the nonsaturating range of calibration curves. AChE activity standard curve is shown in Fig. S2B .
Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed according to the protocol of ChIP kit (Abcam). In brief, cells were fixed with 4% paraformaldehyde and then lysed by sonication at 20% amplitude for 2.5 min using Q125 Sonicator (Qsonica, Melville, NY). The MITF-DNA complex was immunoprecipitated using anti-MITF anti-body (ab12039, Abcam) at 2 g/l. Primers flanking the MITFbinding site of the AChE promoter were designed as follows: forward, 5Ј-AAC ATT GGC CGC CTC CAG-3Ј and reverse, 5Ј-GCG GAT TGG TCC CGA CTC-3Ј. PCR was performed and the PCR products were run at 2% agarose gel electrophoresis. The intensities of the bands were measured using Chemi-Doc Imaging System (Bio-Rad) and results were analyzed by fold enrichment method.
Statistics
Each result is represented as the mean Ϯ S.D., calculated from independent replicate samples. Comparisons of the mean for untreated control cells and treated cells were analyzed using one-way analysis of variance (ANOVA) and Student's t test. Significant values were represented as *, p Ͻ 0.05, **, p Ͻ 0.01. 
